Drug resistance remains a major clinical obstacle to successful treatment in ovarian cancer patients, and the evidence of microRNAs involvement in drug resistance has been emerging recently. In this report, we investigated the role of let-7e in the development of cisplatin-resistant ovarian cancer. On the cellular level, let-7e expression was significantly reduced in cisplatin-resistant human epithelial ovarian cancer (EOC) cell line A2780/CP compared with parental A2780 cell and decreased in a concentration-dependent manner in A2780, SKOV3 and ES2 cells treated with cisplatin. Overexpression of let-7e by transfection of agomir could resensitize A2780/CP and reduce the expression of cisplatin-resistant-related proteins enhancer of zeste 2 (EZH2) and cyclin D1 (CCND1), whereas let-7e inhibitors increased resistance to cisplatin in parental A2780 cells. Quantitative methylation-specific PCR analysis showed hypermethylation of the CpG island adjacent to let-7e in A2780/CP cells, and demethylation treatment with 5-aza-CdR or transfection of pYr-let-7e-shRNA plasmid containing unmethylated let-7e DNA sequence could restore let-7e expression and partly reduce the chemoresistance. In addition, cisplatin combined with let-7e agomirs inhibited the growth of A2780/CP xenograft more effectively than cisplatin alone. Diminished expression of EZH2 and CCND1 and higher cisplatin concentrations in tumor tissue of mice subjected to administration of let-7e agomirs in addition to cisplatin were revealed by immunohistochemistry and atomic absorption spectroscopy, respectively. Taken together, our findings suggest that let-7e may act as a promising therapeutic target for improvement of the sensibility to cisplatin in EOC.
INTRODUCTION
Epithelial ovarian cancer is one of the leading causes of gynecologic malignancy-related mortality in women. 1 Platinumbased chemotherapeutic strategies are commonly required for patients with advanced ovarian cancer, and clinical drug resistance remains a major barrier to the successful ovarian cancer treatment. 2 Resistance to platinum has been reported to be associated with several mechanisms, including increased drug efflux, drug inactivation, alterations in drug target, processing of drug-induced damage and evasion of apoptosis. [3] [4] [5] However, the evidence for these mechanisms has not been clearly established.
MicroRNAs (miRNAs) represent a class of small non-coding RNAs that regulate gene expression by targeting mRNAs through sequence-specific base pairing with the 3 0 -untranslated regions of mRNAs, resulting in RNA degradation and/or translational repression. 6, 7 The human let-7 family contains 13 members located on nine different chromosomes and they are downregulated in many different types of cancer, such as breast cancer, lung cancer, ovarian cancer and prostate cancer. [8] [9] [10] [11] More importantly, recent evidence linked several miRNAs to chemoresistance in cancers. 12 Downregulation of miR-21, miR-342 and miR-489 in MCF-7 cells are responsible for the resistant to tamoxifen. 13 The expression of miR-200b, miR-200c, let-7b, let-7c, let-7d and let-7e was significantly downregulated in gemcitabine-resistant cells.
14 miRNA microarray showed that miR-30c, miR-130a and let-7e were downregulated in paclitaxeland cisplatin-resistant ovarian cells. 15 In the present study, we focused on the role of let-7e in the development of cisplatinresistant ovarian cancer.
RESULTS

Repression of let-7e is associated with development of resistance to cisplatin
Using quantitative reverse transcription-PCR we found that let-7e level was remarkably decreased (by 66%) in the cisplatin-resistant A2780 (A2780/CP) cells when compared with its parent line A2780 (P ¼ 0.016, Figure 1a ). We then manipulated let-7e expression in A2780/CP and A2780 cells using specific agomirs (cholesterolconjugated 2'-O-methyl-modified let-7e mimics) and inhibitors, respectively, and MTT assays were used to determine the resulting changes in drug sensitivity. Let-7e expression in A2780/CP was increased over 14- after treatment with various concentrations of cisplatin (0, 10 and 20 mM), the expression of let-7e decreased in a concentrationdependent manner in A2780, SKOV3 and ES2 cells (Po0.05, Figure 1d ). Above results suggest that decreased let-7e expression level is tightly associated with platinum resistance in ovarian cancer.
DNA hypermethylation contributes to let-7e silencing in ovarian cancer It has been reported that a G-A mutation located at 19 nt downstream of the let-7e precursor led to a significant reduction of mature let-7e. 16 However, we could observe such a mutation neither in ovarian cancers (n ¼ 20) nor in A2780 and A2780/CP cells using DNA sequencing (Figure 2a ). So we hypothesized that epigenetic mechanism may have a role in the regulation of let-7e expression in ovarian cancer. Using a CpG Island Searcher web tool (http://www.cpgislands.com/), a CpG island was identified upstream ( À 250 bp) of the region encoding let-7e (Figure 2b ). Quantitative methylation-specific PCR revealed a 7.38-fold increase in let-7e methylation level in A2780/CP cells when compared with A2780 (Po0.05, Figure 2c ). Treatment with 5 mM of DNA methyltransferase inhibitor 5-aza-2 0 -deoxycytidine (5-aza-CdR) could impair the methylation and restore let-7e expression (Figures 2c and d) .
After transfection with pYr-let-7e-shRNA plasmid that contains DNA fragment of unmethylated-CpG island and pri-let-7e, the let7e expression level in A2780/CP cells was significantly increased (Figure 2e ). These results verified our hypothesis that let-7e expression was regulated by DNA methylation in adjacent CpG island. Moreover, both treatment with 5-aza-CdR and tansfection with pYr-let-7e-shRNA plasmid could sensitize A2780/CP cells to cisplatin. The IC 50 for A2780/CP cells treated with 5-aza-CdR and dimethyl sulfoxide was 24.69 mM and 56.44 mM, respectively, and the IC 50 for A2780/CP cells transfected with pYr-let-7e-shRNA plasmid and NC were 35.12 mM and 49.63 mM, respectively (Figure 2f ). EZH2 and CCND1 are potentially regulated by let-7e To further investigate the mechanisms of how let-7e impacts drug resistance, we used TargetScan (http://www.targetscan.org/) 17 and PicTar (http://pictar.mdc-berlin.de/) 18 to predict its target genes. Among the search results, enhancer of zeste 2 (EZH2) and cyclin D1 (CCND1) captured our attention because of their involvement in drug resistance. 19, 20 In addition, RNA-binding motif protein 3 (RBM3) was also studied, which has been reported to be a predictor of response to platinum-based chemotherapy in epithelial ovarian cancer. 21 Their expression levels in cell lines were detected by real-time PCR and western blots. We found that A2780/CP cells expressed more EZH2 and CCND1 but less RBM3 compared with A2780 (Figures 3a and b) . After treatment with let-7e agomirs, EZH2 and CCND1 expression was markedly In addition, viable A2780/CP cells were counted after treatment with cisplatin for 24, 48 and 72 h using typan blue staining. Cell viability of A2780/CP transfected with let-7e agomirs was significantly suppressed compared with cells transfected with NC (Figure 3e ). Given that induction of cell cycle progression and promotion of cell growth are the major functions of CCND1, we speculated that let-7e may affect cell cycle regulation in ovarian cancer. Nevertheless, altered cell cycle distribution induced by transfection with agomirs in A2780/CP cells was not detected by flow-cytometry (data not shown).
Re-expression of let-7e could reverse resistance to cisplatin in ovarian cancer in vivo To investigate whether re-expression of let-7e is useful in inhibiting the growth of drug-resistant ovarian cancer in vivo or not, we established A2780/CP subcutaneous xenograft tumor model in nude mice. Twelve days after inoculation, the mice were treated with cisplatin alone or in combination with let-7e agomirs. In the combination group, as gauged by real-time quantitative reverse transcription, let-7e levels were markedly increased in tumor when compared with cisplatin alone group (Po0.001; Figure 4a ), suggesting that let-7e agomirs effectively increased let-7e expression in tumor in vivo. The growth curves of xenografts showed that the tumors in the combination group tended to grow more slowly than those in cisplatin alone group. At the start of treatment (12 days after inoculation), there was no difference in tumor size between these two groups. Three days after the first administration of cisplatin, the difference in tumor size was significant (Po0.001) and it increased as the treatment continued. The tumor size was 1031.94±364.90 mm 3 on day 35 after inoculation in mice who received combination therapy, whereas tumor size was 2339.61 ± 475.75 mm 3 in those given Figures 4b, c and Po0.001) . In addition, atomic absorption spectroscopy assays showed the cisplatin concentration in tumor tissue was significantly higher in combination group (5636.6 versus 4689.4ng Pt/g tumor wet weight, P ¼ 0.006, Figure 4d ). In line with results of our experiments in vitro, immunohistochemistry staining of tumor sections revealed a dramatic decrease in the expression of EZH2 and CCND1 in tumors received let-7e agomirs injection (Figure 4e ). The mRNA level of EZH2 in combination group was decreased 65% when compared with the control group (Figure 4f ).
DISCUSSION
Indeed, recent studies have shown that miRNAs have a critical role in tumor cells by offering resistance to cytotoxic anticancer therapy. 22-24 Although miRNA genetic alterations, such as deletions, mutations and amplifications, have been increasingly found in human cancers and shown to alter expression levels of mature and/or precursor miRNA transcripts (reviewed in Rossi et al.
25
), less is known about epigenetic mechanisms contributing to mRNAs expression regulation. Recent studies have reported that miRNA-129-2, miRNA-34b/4 and miRNA-31 undergo 5'-CpG island hypermethylation-associated silencing. [26] [27] [28] In our study, after exclusion of the existence of the mutation affecting let-7e expression, we demonstrated that let-7e downregulation in A2780/ CP was due to the hypermethylation in its neighboring CpG island. Besides 5-aza-CdR, which results in genome-wide demethylation, site-specific plasmid was used. In A2780/CP cells, when the CpG island adjacent to let-7e was converted to unmethylated form by transfection with pYr-let-7e-shRNA, the transcription activity of pri-let-7e was significantly reduced, suggesting that the CpG island is probably located in a crucial regulatory element of let-7e promoter region. Most importantly, such methylation is associated with chemo-response, and thus provides novel promising therapeutic targets for drug-resistant tumor. That is further verified by using the nude mice model in this study. In general, reports about methylation of miRNA related to drug resistance are very few. More recently, Ma et al. 29 reported that DNA methylationregulated miR-193a-3p dictated the 5-fluorouracil resistance of hepatocellular cancer cells via the repression of the expression of serine/arginine-rich splicing factor 2.
EZH2, the catalytic subunit of the polycomb repressive complex 2 with histone methyltransferase activity, has an essential role in the epigenetic maintenance of the trimethylation on lysine-27 of histone H3 (H3K27me3) repressive chromatin mark. Silencing of EZH2 can suppress cell proliferation and cause G2/M cell cycle arrest in A2780/CP cells as well as in resensitize drugresistant ovarian cancer cells to cisplatin. 22 Although we found re-expression of let-7e resulted in downregulation of EZH2, the underlying mechanisms is still unclear. A recent study provided evidence that Let-7 family of miRNAs is responsible for the regulation of EZH2 in human prostate cancer and the let-7a, let7b, let-7c and let-7b could strongly inhibit EZH2 3 0 UTR luciferase activity. 30 However, it remains an open question whether EZH2 is a direct target of let-7e.
CCND1 is a member of the highly conserved cyclin family and its overexpression has been frequently observed in a variety of tumors and considered to be associated with tumorigenesis through affecting cell cycle progression. 31 Numerous studies have implicated CCND1 overabundance in cisplatin resistance. 20, 32, 33 We found transfection with let-7e agomir attenuated CCND1 expression in A2780/CP cells but did not influence cell cycle significantly. That may be because let-7e inversely regulated cell cycle through other mechanism.
Our results showed that cisplatin concentration was increased in let-7e agomirs-treated tumor tissue, suggesting let-7e can promote cellular uptake of cisplatin and/or inhibit its efflux. The traditional view is that cisplatin enters cells mainly by passive diffusion. Gradually, as research continues, it is recognized that several positive transport systems are also involved. Among them, Cu transporters has been most extensively investigated, including the influx transporter 1 (Cu transporter 1, CTR1) , 34, 35 transporter 2 (Cu transporter 2, CTR2) 36 and the efflux transporter ATP7B. 37, 38 Studies attempting to identify the impact of let-7e on cell permeability and drug-transport should be performed to more exactly explain our results. However, it must be pointed out that cisplatin triggers cell apoptosis just when it binds to DNA. Thus, we also analyzed cisplatin concentration in DNA isolated from xenografts using atomic absorption spectroscopy, but the results were considered inaccurate because the concentration in DNA was too low (in pg category, data not shown) exceeding the maximum measurement range of our instrument. More accurate methods, for example, high performance liquid chromatographyinductively coupled plasma mass spectrometry (HPLC-ICP-MS), should be used in this case. Our data indicated that treatment with let-7e agomirs combined with cisplatin could increase the intratumoral cisplatin concentration by about 20.2% and significantly reduce but not stop the growth of tumors in vivo, suggesting higher let-7e level might be required for more effective tumor growth inhibition through further elevated cisplatin concentration in tumor cell. On the other hand, other mechanisms involved in cisplatin resistance should be considered. Cisplatin binds to and causes crosslinking of DNA, which ultimately triggers cell apoptosis. Although let-7e agomirs increased intracellular cisplatin, the cytotoxicity of cisplatin could still be limited by the inhibition of apoptosis and activation of DNA repair. 39 Thus, simultaneous intervention on multiple mechanisms of drug resistance may provide a better chance of being able to overcome this challenge.
In summary, our findings link epigenetic-silencing of let-7e to the development of cisplatin resistance, which inspires potential therapeutic strategies targeting let-7e to improve the treatment of cisplatin-resistant ovarian cancer.
MATERIALS AND METHODS
Cell lines and cell culture
The human ovarian epithelial carcinoma cell lines A2780, ES2 and SKOV3 (ATCC) were cultured in RPMI1640 medium (Gibco BRL, New York, NY, USA) supplemented with 50 IU/ml of penicillin, 50 mg/ml streptomycin and 10% fetal bovine serum. The cisplatin-resistant A2780 (A2780/CP) cells were generated by exposure to increasing concentration of cisplatin. 40 The A2780/CP cells used in the present study were cultured in media without cisplatin for 1 month to exclude the acute stress reactions mediated by the administration of cisplatin and the subline was approximately three to five fold more resistant to cisplatin than was the parent line (A2780).
Real-time PCR for let-7e
Total RNA of cell lines and tissues were isolated using Trizol (Invitrogen, Carlsbad, CA, USA). Expression level of let-7e was analyzed using the BulgeLoop miRNA real-time PCR Primer Set (Cat no. MQP-0101, RiboBio, Guangzhou, China), following the manufacturer's instructions. The universally expressed U6 small nuclear RNA was used for let-7e template normalization. The cycle parameters for the reverse transcription reaction were 70 1C for 10 min, followed by 42 1C for 60 min and 70 1C for 10 min. SYBR green real-time PCR was carried out on an ABI PRISM 7300 instrument (Applied Biosystems, Foster City, CA, USA). The PCR conditions included initial incubation step of 20s at 95 1C, 40 cycles of denaturing at 94 1C for 10s, annealing at 55 1C for 30s and extension at 70 1C for 30s. Comparative realtime PCR was done in triplicate, including no-template controls. The fold change for miRNA expression level was calculated using 2 À DDCT method. 41 
Transfections
The let-7e agomirs were synthesized by RiboBio Corporation and inhibitors were purchased from Genepharma Corporation (Shanghai, China). Cells were plated in six-well plates (2 Â 10 5 /well) and they were transfected with either 100 nmol let-7e agomirs or inhibitors at 60% confluence.
The
Real-time PCR was performed to determine the level of EZH2, RBM3 and CCND1 mRNA expression. Briefly, total RNA of cell lines and tissues were isolated using Trizol (Invitrogen and 5 0 -ACCATCCAGAGACTCTCCGT-3 0 . Reactions were performed in 25 ml PCR mixture included 2 Â SYBR Green Real-time PCR mix (Toyobo, Japan), 2 mg of complementary DNA template and 0.3 mM of each primer. The GAPDH was used as internal control. The PCR profile was 951C for 60s, and then followed by 40 cycles of 95 1C for 15s, 60 1C for 15 s and 72 1C for 45s. The fold change for EZH2, RBM3 and CCND1 mRNA expression level was calculated using 2 À DDCT method. 41 Drug sensitivity assay
The 50% inhibitory drug concentration (IC 50 ) was determined using MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazoliumbromide) assay. Cells were plated in 96-well plates (5000 cells/well), and after cellular adherence, the cells were exposed to various concentrations of cisplatin. After incubation for 48 h, the cells were incubated with 20 ml MTT (at a final concentration of 0.5 mg/ml) at 371C for 4 h. The medium was removed and the precipitated formazan was dissolved in 100 ml dimethyl sulfoxide. The absorbance at 490 nm was detected using microplate reader. The IC 50 was estimated by the relative survival curve. Each assay was performed in triplicate.
Sequencing analysis of let-7e precursor in ovarian cancer cell lines
The sequencing analysis of let-7e precursor in ovarian cancer cell lines and tissues was performed by the Sangon Biotech Co. Ltd (Shanghai, China) using an ABI PRISM 3730 DNA sequencer. Plasmids preparation An unmethylated DNA fragment spanning positions À 250 to þ 250 containing the CpG island ( À 250 bp) and pri-let-7e was synthesized. This DNA fragment was cloned into the vector pYr-miR30-shRNA-2 (Genechem, Shanghai, China) and the plasmid was named pYr-let-7e-shRNA.
5-aza-
Immunohistochemistry for the detection of EZH2, RBM3 and CCND1
Immunohistochemical staining was performed on formalin-fixed, paraffinembedded tissues. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide. Antigen retrieval was carried out in citrate buffer (10 mM, pH-6) for 20 min at 100 1C. Tissue sections were incubated first with the primary antibodies of EZH2 (1:100, Invitrogen), RBM3 (1:25, PTG, Chicago, IL, USA) and CCND1 (1:25, CST, Danvers, MA, USA) for 16 h at 4 1C and then subsequently with a secondary biotinylated antibody (1:200, Boster, China) for 2 h at 37 1C followed by incubation with streptavidin-peroxidase complex for 20 min at room temperature.
Western blot assay
Proteins from cell lysates were separated and detected using western blotting as previously described. 19 The primary antibodies used in the present study were as follow: anti-mouse EZH2 antibody (1:500; Cell Signal, Beverly, MA, USA), anti-rabbit RBM3 antibody (1:400; PTG) and anti-rabbit CCND1 antibody (1:200; CST).
Cell cycle assay
Seventy-two hours after transfection, cells were harvested by trypsinization, washed three times with ice-cold phosphate-buffered saline and then fixed with 70% ethanol overnight at 4 1C. The fixed cells were rehydrated in phosphate-buffered saline and subjected to propidium iodide/RNase staining followed by FACS analysis (Fluorescence Activated Cell Sorter Scan FACS Calibur; Becton Dickinson, Mountain View, CA, USA). The percentage of cells in each phase of the cell cycle was estimated using ELITE software (Gainesville, FL, USA).
Trypan blue exclusion viable cell assay
The viability of cells treated with cisplatin after transfection with let-7e agomirs was assessed by Trypan blue exclusion method. Cells were harvested and resuspended in equal volumes of medium and Trypan blue (0.05% solution) and viable cells were counted in triplicate using a haemocytometer.
In vivo assay
All animal experiments were undertaken in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and approved by the Animal Care and Use Centre, Tongji Medical College, Huazhong University of Science and Technology, Wuhan. Female nude mice (BALB/c, 4-6wk) were purchased from Hunan SLAC laboratory Animal Co. Ltd. (SLAC, Hunan, China). For preparation of subcutaneous xenograft model, 0.2 ml A2780/CP ovarian cancer cells (2.0 Â 10 6 in phosphatebuffered saline/100 ml) were injected subcutaneously into the right flank of the nude mice. Twelve days after tumor cell inoculation with confirmation of successful maturation of tumors, mice were divided randomly into two groups (eight mice per group). They were treated with cisplatin in combination with let-7e agomirs (combination group) or with NC of agomirs (cisplatin alone group) every 3 days for 2 weeks. Cisplatin was administrated by intraperitoneal injection at a dose of 4 mg/kg body weight and let-7e agomirs (2 nmol; RiboBio, Guangzhou, China) were given locally by direct injection into the xenografts. The tumors were monitored with a caliper every day and tumor volumes were determined (in cubic millimeter) by measuring in two directions and was calculated as tumor volume ¼ length Â (width) 2 /2. One week after the last administration of cisplatin and agomirs, all mice were killed according to the animal experimental guidelines. The xenografted tumors were excised and paraffin-embedded or cryopreservation at À 80 1C.
Atomic absorption spectroscopy for detection of cisplatin in tumor tissue
Pt concentrations in xenografts were measured by flameless atomic absorption spectrometry (Varian SpectrAA 240FS, Palo Alto, CA, USA) using a standard curve covering the range of 0-450 ppb. Before analyses, the tumor samples were digested in concentrated nitric acid with heating to 140 1C for 60 min, followed by evaporation to near dryness, and the digests were dissolved in 2 ml deionized water for Pt detection. All samples were analyzed in duplicate, and the duplicate values were within 10% relative s.d. of each other in all cases.
